Histone modification marks have an important role in many chromatin processes 1,2 . During DNA replication, both heterochromatin and euchromatin are disrupted ahead of the replication fork and are then reassembled into their original epigenetic states behind the fork 3, 4 . How histone marks are accurately inherited from generation to generation is still poorly understood. In fission yeast (Schizosaccharomyces pombe), RNA interference (RNAi)mediated histone methylation is cell cycle regulated. Centromeric repeats are transiently transcribed in the S phase of the cell cycle and are processed into short interfering RNAs (siRNAs) by the complexes RITS (RNA-induced initiation of transcriptional gene silencing) and RDRC (RNA-directed RNA polymerase complex) 5-7 . The small RNAs together with silencing factors-including Dos1 (also known as Clr8 and Raf1), Dos2 (also known as Clr7 and Raf2), Rik1 and Lid2-promote heterochromatic methylation of histone H3 at lysine 9 (H3K9) by a histone methyltransferase, Clr4 (refs 8-13). The methylation of H3K9 provides a binding site for Swi6, a structural and functional homologue of metazoan heterochromatin protein 1 (HP1) 14 . Here we characterize a silencing complex in fission yeast that contains Dos2, Rik1, Mms19 and Cdc20 (the catalytic subunit of DNA polymerase-e). This complex regulates RNA polymerase II (RNA Pol II) activity in heterochromatin and is required for DNA replication and heterochromatin assembly. Our findings provide a molecular link between DNA replication and histone methylation, shedding light on how epigenetic marks are transmitted during each cell cycle.
Histone modification marks have an important role in many chromatin processes 1, 2 . During DNA replication, both heterochromatin and euchromatin are disrupted ahead of the replication fork and are then reassembled into their original epigenetic states behind the fork 3, 4 . How histone marks are accurately inherited from generation to generation is still poorly understood. In fission yeast (Schizosaccharomyces pombe), RNA interference (RNAi)mediated histone methylation is cell cycle regulated. Centromeric repeats are transiently transcribed in the S phase of the cell cycle and are processed into short interfering RNAs (siRNAs) by the complexes RITS (RNA-induced initiation of transcriptional gene silencing) and RDRC (RNA-directed RNA polymerase complex) [5] [6] [7] . The small RNAs together with silencing factors-including Dos1 (also known as Clr8 and Raf1), Dos2 (also known as Clr7 and Raf2), Rik1 and Lid2-promote heterochromatic methylation of histone H3 at lysine 9 (H3K9) by a histone methyltransferase, Clr4 (refs 8-13) . The methylation of H3K9 provides a binding site for Swi6, a structural and functional homologue of metazoan heterochromatin protein 1 (HP1) 14 . Here we characterize a silencing complex in fission yeast that contains Dos2, Rik1, Mms19 and Cdc20 (the catalytic subunit of DNA polymerase-e). This complex regulates RNA polymerase II (RNA Pol II) activity in heterochromatin and is required for DNA replication and heterochromatin assembly. Our findings provide a molecular link between DNA replication and histone methylation, shedding light on how epigenetic marks are transmitted during each cell cycle.
To explore the role of Dos2 in heterochromatin assembly, we sought to identify Dos2-associated proteins by using tandem affinity purification (TAP). Mass spectrometry analysis of Dos2 purified by the TAP method uncovered two new interacting proteins, in addition to Rik1: Cdc20 (ref. 15); and a previously uncharacterized protein, SPAC1071.02 ( Fig. 1a ). SPAC1071.02 is highly conserved (Supplementary Fig. 1 ). Its homologue in budding yeast (Saccharomyces cerevisiae) is MMS19 (ref. 16 ), so we named the fission yeast protein Mms19. The interactions of Dos2 with Mms19 and Cdc20 were confirmed by co-immunoprecipitation experiments (Supplementary Figs 2 and 3).
Cdc20 is a conserved DNA polymerase-e subunit with extensive homology to its counterparts in humans and budding yeast. Cdc20 regulates the elongation of the leading strand during DNA replication, shortly after initiation, and is essential for cell viability 15 . To test whether Cdc20 is required for heterochromatin silencing, we used a temperature-sensitive mutant allele, cdc20-p7. At 37 uC, mutant cells arrest in early S phase. We crossed these mutants into the otr::ura4 1 background and performed a silencing assay. We found that, at a nonrestrictive temperature, 34 uC, the mutant cells grew poorly on control medium compared with wild-type (WT) cells ( Fig. 1b ), probably as a result of the replication abnormality. However, on medium lacking uracil, the mutants had more robust growth than WT cells. By contrast, on 5-fluoroorotic acid (5-FOA)-containing medium, the mutant cells had little growth, demonstrating that centromeric silencing was partially compromised. These results indicate that complete silencing of heterochromatin requires Cdc20.
In WT cells, heterochromatin transcripts are quickly processed by the RNAi machinery, but in RNAi-processing defective mutants, such as dcr1-D, these transcripts are readily detectable 17 . In cdc20-p7 mutant Figure 1 | Cdc20 is essential for transcriptional silencing and siRNA generation. a, Protein extracts from a Dos2-TAP strain or an untagged control strain (mock) were purified by the TAP method. Purified products were separated by SDS-PAGE and visualized by silver staining. kDa, kilodalton. b, Growth assay of serial dilutions (left to right) of strains carrying ura4 1 inserted at the pericentromeric otr region, grown on control medium, medium lacking uracil (-uracil) or counter-selective 5-FOA medium (1FOA) incubated at 23 uC or 34 uC. c, Accumulation of centromeric transcripts analysed by RT-PCR in strains incubated at the indicated temperatures. Act, act1 1 control; Cen, centromeric transcripts. d, Analysis of siRNAs corresponding to centromeric repeats by northern blotting. Control, snoR69 as a loading control. cells incubated at 34 uC, similar to dcr1-D mutants, pericentromeric transcripts accumulated ( Fig. 1c ). We then examined the amount of small RNA in the cdc20-p7 mutant by northern blotting. Because RNAi is temperature sensitive, the abundance of small RNAs in WT cells was considerably reduced at 34 uC but was still detectable 6 ( Fig. 1d ). In the cdc20-p7 mutant, however, siRNAs were completely absent ( Fig. 1d) , showing that Cdc20 promotes siRNA generation.
To further determine how heterochromatin structure is affected by disruption of Cdc20, we examined H3K9 methylation and Swi6 distribution in the cdc20-p7 cells grown at 34 uC and 23 uC. Pericentromeric H3K9 methylation was significantly reduced at the higher temperature ( Fig. 2a ) and the association of Swi6 was also decreased (Supplementary Fig. 4 ), both of which are consistent with the heterochromatin defect shown by the silencing assay. We also assessed the delocalization of green fluorescent protein (GFP)-Swi6 fusion proteins to determine loss of heterochromatin, because the GFP-Swi6 pattern is unchanged in RNAi mutants 18 . We found that 53% of cdc20-p7 cells at 34 uC, and more than 70% at 37 uC, had a diffuse GFP-Swi6 pattern, a defect similar to the dos2-D mutant ( Supplementary Fig. 5 and Fig. 2b ). WT cells incubated at the elevated temperatures did not show severe Swi6 delocalization ( Fig. 2b ), demonstrating that heterochromatin formation requires Cdc20. Because heterochromatin formation is mediated by both RNAi-dependent and RNAi-independent pathways 19 , the silencing abnormality in cdc20-p7 mutants indicated that Cdc20 functions at an early stage of heterochromatin assembly.
Mms19, another Dos2-interacting factor, is a conserved protein that contains a HEAT repeat domain ( Supplementary Fig. 1 ). Studies of its homologues in budding yeast and humans show that they function as regulators of the transcription factor TFIIH, participating in the initiation of RNA-Pol-II-mediated transcription 16, 20 . Interestingly, human MMS19 is also required for chromosome segregation 21 . To study the role of Mms19 in fission yeast, we first examined its distribution using a GFP-tagged version of Mms19 and found that the GFP signal was predominantly nuclear, consistent with its potential role as a transcriptional regulator ( Supplementary Fig. 6 ). To elucidate the function of Mms19, we created an mms19-null (mms19-D) mutant. This mutant grew slower than the WT strain but was viable, indicating that mms19 1 is not an essential gene. Similar to the budding yeast mms19 mutant, the growth of mms19-D required methionine (Supplementary Fig. 7 ).
Because Mms19 homologues in other organisms associate with the TFIIH complex, we speculated that Mms19 might be involved in RNA-Pol-II-mediated transcription in heterochromatic regions. To address this possibility, we directly examined centromeric transcription by using PCR with reverse transcription (RT-PCR). Centromeric transcripts were abundant in siRNA-processing mutants, such as dcr1-D, but it was difficult to detect them in the WT strain 17 ( Supplementary  Fig. 8 ). In contrast, these transcripts were not discernible in the mms19-D mutant by using RT-PCR, similarly to the WT strain ( Supplementary Fig. 8 ), and their abundance was greatly reduced in a dcr1-D mms19-D double mutant ( Fig. 3a) . We reasoned that, as a result of the reduction in primary siRNA transcripts, centromeric siRNA levels might also be decreased. To test this, RNA extracted from the mms19-D mutant was probed for centromeric siRNA by northern blotting. These siRNAs were present but less abundant than in the WT strain ( Fig. 3b ). These data further demonstrate that Mms19 regulates centromeric transcription.
Coincident with heterochromatin expression, RNA Pol II is preferentially restricted to heterochromatin in S phase 5 . To further elucidate the role of Mms19 in this process, we investigated how Mms19 associates with heterochromatin during the cell cycle. After release from synchronization, cells carrying Mms19-TAP were collected at different defects. a, Pericentromeric H3K9 methylation in cdc20-p7 was significantly lost at 34 uC but not at 23 uC. A ChIP assay was performed with an antibody specific for dimethylated H3K9 (H3K9me2). DNA from precipitates was analysed by competitive PCR in which one set of primers amplified the centromeric dh repeat (Cen) and another amplified the control gene act1 1 (Act). The relative fold enrichment (indicated below each lane) was calculated by comparing the ratios of heterochromatin signals to control signals in the ChIP and whole cell extract (WCE) fractions. The value for WT cells was set to 1.0. b, Fluorescent images of GFP-Swi6-carrying strains incubated at 23 uC or 37 uC. GFP-Swi6 localizes to heterochromatin regions in the form of two to four green foci in WT cells in interphase. This localization was lost in more than 70% of cdc20-p7 cells at 37 uC. c, Ultraviolet radiation sensitivity of the cdc20-p7 mutant and the WT strain at 23 uC or 34 uC. d, Colony colour silencing assay of strains carrying ade6 1 inserted at the pericentromeric otr region, grown at 23 uC on YES medium with or without further supplementation with adenine. Repression of ade6 1 expression results in a red or pink colour; when transcriptional silencing does not occur, the colonies appear white. e, Analysis of pericentromeric H3K9 methylation in the indicated strains. A ChIP assay was carried out with an antibody specific for H3K9me2, followed by PCR, as in a. The relative fold enrichment of the methylation is indicated below each lane.
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stages of the cell cycle. We found that Mms19 preferentially associated with heterochromatin in S phase (Fig. 3c) , concurrently with the enrichment of RNA Pol II in heterochromatin. We then investigated how Mms19 affects the RNA Pol II distribution in heterochromatin at this stage. Using chromatin immunoprecipitation (ChIP) with an antibody specific for RNA Pol II, we found that the RNA Pol II accumulation in S phase was reduced considerably in the mms19-D mutant (Fig. 3d ). Furthermore, Mms19 was found to physically associate with RNA Pol II ( Supplementary Fig. 9 ). Together, our results suggest that Mms19 is a transcriptional activator that is required for the RNA-Pol-II-mediated transcription of heterochromatin.
To gain further insight into how Cdc20 interacts with Dos2 and Mms19, we created a haemagglutinin (HA)-tagged version of the mutant gene from the cdc20-p7 strain. Co-immunoprecipitation experiments showed that Cdc20-P7-HA maintained its association with Dos2 and Mms19 at 23 uC; however, these interactions were lost at 34 uC, indicating that the point mutation reduces the interactions at the elevated temperature ( Fig. 4a ). We also investigated the association between Mms19 and heterochromatin by using ChIP in synchronized cdc20-p7 cells released from metaphase. At 23 uC, there was a clear peak in Mms19 enrichment in the mutant during S phase, which occurred ,60 min after release from synchronization; however, this accumulation of Mms19 was not observed when the temperature was elevated to 34 uC, indicating that Cdc20 is required for the association of Mms19 with heterochromatin ( Fig. 4b) . A previous report showed that Dos2 and Rik1 start to accumulate in heterochromatin in S phase 5 . We therefore assessed whether Cdc20 affects the recruitment of these two silencing factors. Using ChIP with antibodies specific for TAP or a Myc tag, we found that Dos2-TAP and Rik1-Myc are enriched in S phase at 23 uC, consistent with the previous study; however, the association is diminished at 34 uC ( Fig. 4c and Supplementary Fig. 10) .
These results indicate that Cdc20 is required for the recruitment of Dos2 and Rik1 to heterochromatin. Interestingly, heterochromatin silencing is also partly compromised in strains with mutations in two different DNA polymerase-a subunits 22, 23 . As DNA polymerase-a primase is required before elongation by DNA polymerase-e (of which Cdc20 is a subunit), it is possible that the interaction of the Rik1containing complex with Cdc20 underlies this silencing defect.
We reasoned that the loss of silencing in the mutant may be linked to the impaired DNA replication. Indeed, cdc20-p7cells grew much more slowly at 34 uC than at 23 uC and had an extended S phase (Fig. 1b) . The replication state of a strain can be tested by assessing the efficiency of replication recovery after ultraviolet-radiation-induced damage. We found that the cdc20-p7 mutant was highly sensitive to ultraviolet radiation at 34 uC but not at 23 uC (Fig. 2c ). Furthermore, heterochromatin fragments that contain ARS elements could not be replicated efficiently in the mutant at 34 uC ( Supplementary Fig. 11 ). Thus, the loss of heterochromatin silencing in the cdc20-p7 mutant seems to be coupled to a defect in DNA replication.
To gain further insight into the role of Cdc20 in the heterochromatin pathway, we analysed an amino-terminal deletion of Cdc20, denoted cdc20 DN-term . The N terminus of Cdc20, which contains the catalytic domain, is not essential for cell survival 24 . To test how this mutation affects heterochromatin silencing, the cdc20 DN-term mutant was crossed into the otr::ade6 1 background and was analysed at 23 uC on rich medium that was not supplemented with extra adenine. In this system, WT cells formed red colonies, indicating transcriptional silencing, but the cdc20 DN-term mutant colonies were white (Fig. 2d) , indicating that heterochromatin silencing is alleviated in the mutant. Consistent with this, H3K9 methylation in pericentromeric repeats was significantly reduced in the cdc20 DN-term mutant (Fig. 2e) . Thus, DNA replication and heterochromatin function were decoupled in this mutant, further showing that Cdc20 is directly involved in heterochromatin silencing.
Here we have demonstrated that the Dos2-containing complex, which includes Dos2, Mms19, Rik1 and Cdc20, is crucial for DNA replication, siRNA production and heterochromatin assembly. Our findings establish the first physical and functional link between DNA replication, small RNA generation and H3K9 methylation, and they provide a novel mechanism to explain how these processes are coordinated (Fig. 4d) .
Our results provide insight into how the epigenetic states of heterochromatin are accurately duplicated in each cell cycle (Fig. 4d) . In budding yeast, heterochromatin assembly requires S-phase progression but not origin firing 25, 26 . Our findings suggest that, by contrast, DNA replication is required for heterochromatin assembly in fission yeast. In plants and mammals, DNA replication and DNA polymerase-e have also been implicated in the silencing of heterochromatin [27] [28] [29] . This finding suggests that a molecular mechanism linking DNA replication to Protein extracts were prepared from synchronized cells carrying Mms19-TAP, which were then analysed at various time points after synchronization release by using ChIP with an antibody specific for TAP, followed by PCR as in Fig. 2a . The relative fold enrichment of Mms19 is indicated below each lane. Cell cycle progression was monitored by a septation index, which is also illustrated diagramatically. d, ChIP analysis of RNA Pol II accumulation in pericentromeric heterochromatin in cells synchronized in S phase, followed by PCR, as in c. The relative fold enrichment of RNA Pol II is indicated below each lane.
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heterochromatin formation, similar to the one elucidated in this study, is probably conserved in multicellular eukaryotes.
METHODS SUMMARY
The S. pombe (fission yeast) strains used in this study are listed in Supplementary  Table 1 . Cell synchronization was performed by the hydroxyurea method. For mass spectrometry, TAP-tagged Dos2 was purified from a total of 9 3 10 10 cells as described previously 11 . Immunofluorescence images were taken using a DeltaVision Imaging System (Applied Precision). The program SoftWoRX 2.50 (Applied Precision) was used for processing the final projections. For the ultraviolet radiation survival assay, cells were collected from the culture at logarithmic phase and were plated at appropriate dilutions onto yeast extract with supplements (YES) medium. The plates were then irradiated with various doses of ultraviolet radiation. After incubation at 23 uC for 5 days, the colonies were counted. Detailed descriptions of the co-immunoprecipitation assays, ChIP assays, RT-PCR and northern blotting are provided in the Methods. 
Figure 4 | Functional interactions between components of the Dos2-
containing complex. a, The interaction of the cdc20-p7 mutant with Dos2 or Mms19 was abolished at 34 uC but not at 23 uC. Co-immunoprecipitations (Co-IPs) for the two sets of strains (top and bottom) incubated at the indicated temperatures were performed using an HA-tagged antibody. Precipitates were analysed by western blotting with an antibody specific for the TAP tag. b, c, Mms19-TAP and Dos2-TAP accumulation in heterochromatin in S phase were lost in cdc20-p7 cells at 34 uC. ChIP assays were performed on synchronized cells carrying either Mms19-TAP or Dos2-TAP by using an antibody specific for the TAP tag, followed by PCR, as in Fig. 3c . Cell cycle progression was monitored by a septation index. The relative fold enrichment of Mms19 or Dos2 is indicated below each lane. d, Model of how DNA replication, small RNA generation and H3K9 methylation are coordinated. Left, during G1/S phase, while synthesizing the leading heterochromatin strands, Cdc20 regulates heterochromatin transcription by interacting with Mms19, and it also recruits Dos2 and Rik1. Another DNA polymerase subunit may be responsible for a similar process on the lagging strand. Heterochromatin transcripts are subsequently processed into siRNAs by the RNA-induced transcriptional silencing (RITS) complex. Centre, during late S phase, the complex containing Dos1, Dos2 and Rik1, together with the siRNAs, promotes H3K9 methylation by Clr4. Right, during G2 phase, Swi6 binds to methylated H3K9 to reassemble chromatin into a repressed state and retain cohesin.
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